SUMMARY
SUMMARY
With the technique of right atrial pacing, left ventricular function was assessed in 21 normal subjects and in 13 patients with elevated left ventricular filling pressures. Since cardiac output does not change significantly with atrial pacing, the stroke volume decreases as an inverse function of the pacing rate. Stroke volume can thus be varied over a wide range, and by simultaneous measurement of left ventricular enddiastolic pressure, pacing ventricular function curves can be obtained. The calculated average slope for the ventricular function curve relating stroke volume index to left ventricular end-diastolic pressure was steeper in the normal subjects than in the group with elevated left ventricular end-diastolic pressure, but considerable overlap occurred between the groups. However, in individual patients the pacing ventricular function curve appears useful in assessment of the effect of interventions that augment or depress ventricular performance.
Additional Indexing Words: Hemodynamics
Angina Ouabain AN ASSESSMENT of adequacy of ventricular function in man by the Starling relationship is limited to one value relating filling pressure to strength of contraction unless either cardiac performance or filling pressure is altered in some manner. In some instances, this relationship has been examined over a range of values by interventions such as exercise,' change in blood volume,2 3 restriction of venous inflow,4' 5or drug administration6 in which stroke volume or stroke work are altered. However, a number of factors directly affecting myocardial contractility are simultaneously affected by such interventions.
The introduction of atrial pacing has presented an unusual opportunity for evaluation of cardiac performance during almost experimentally controlled conditions. Cardiac output is not altered and aortic pressure, an important determinant of myocardial performance, is essentially unchanged during atrial pacing.7-10 At the same time, stroke volume is reduced progressively as an inverse function of heart rate, and is accompanied by reductions in left ventricular end-diastolic pressure.'0-12 Precise alterations in stroke volume can be obtained by changes in the pacemaker rate, and a number of observations relating filling pressure and stroke volume may be quickly obtained without change in cardiac output and aortic pressure or in humoral, neural, and metabolic states. These considerations led us to evaluate during pacing the Starling mechanism in normal patients, patients with elevated left ventricular enddiastolic pressures, and in patients after interventions known to depress or augment myocardial contractility, including myocardial 241 ischemia and the administration of digitalis, propranolol, and isoproterenol. 5) shows that the relation between stroke-volume index and filling pressure is linear during the wide variations in both parameters resulting from pacing. This is seen in both groups, and the slope of this line was steeper for the normal group.
Since this multiple rate analysis showed a linear relationship between left ventricular end-diastolic pressure and stroke-volume index, an additional group of patients, 16 normal subjects and three patients of group 2, were included for analysis who were studied at only two rates, a control and a pacing rate averaging 141 beats/min. Figure 6 illustrates all 21 normal subjects on the left, with two extreme points from each and a connecting line. Two extreme points from each patient of group 2 figure 7 , and it is evident that ventricular function is depressed during myocardial ischemia so that, in order to deliver a stroke-volume index of 24 ml/m2, a left ventricular end-diastolic pressure of 9 mm Hg was required in the control state and The relationship between stroke-volume index (SVI) and left ventricular end-diastolic pressure (LVEDP) figure 8 , and it is evident that ventricular function is improved following the administration of ouabain. At a stroke-volume index of 40 ml/m2 the left ventricular end-diastolic pressure falls from 24 to 14 mm Hg after digitalization.
Circulation, Volume XLIII, February 1971 In one normal subject the effect of intravenous propranolol was studied and also the effect of a subsequent infusion of isoproterenol (table 3) . The cardiac output fell after propranolol administration, and the ventricular function curve is shown in figure 9 . It is apparent that the ventricular function is depressed by this drug. At a stroke-volume index of 26 m/m2 the left ventricular enddiastolic pressure rose from 5 to 13 mm Hg. Isoproterenol infusion reversed this depression of left ventricular function. Figure 10 illustrates the changes in left ventricular end-diastolic pressure and directly obtained left atrial pressure at multiple pacing rates in one patient.
Discussion
It is evident that the manipulation of stroke volume through changes in heart rate during atrial pacing permits an extended examination of the relationship between stroke volume or stroke work and ventricular filling pressure. As heart rate can be varied greatly, this relationship may be observed over a range of stroke volumes and filling pressures. The finding that this is a linear relationship simplifies examination by this method, as it is possible for the function of any ventricle to be described by determination of cardiac output and left ventricular end-diastolic pressure during sinus rhythm and at a single pacing rate. The question may be raised as to why the pacing ventricular function curve differs from that customarily seen, which exhibits a sharply ascending limb at low filling pressures followed by a plateau developing at approximately 15 to 20 mm Hg. 13, 17, 18 One possibility is that this linearity results from the progressive increases in rate at the lower filling pressures with their accompanying increase in the force generated. 19 Evidence that this linear relationship may be due instead to the constant aortic pressure is seen in the isolated heart studies of Sarnoff and Mitchell.14 They found a linear relationship between stroke work and filling pressure when stroke volume was raised while aortic pressure was kept constant. When stroke volume was increased HR beats/min Figure 10 IIx-----< -X shown in figure 10 , where pressures were measured directly from the left atrium and left ventricle simultaneously while the rate was raised by pacing. The two pressures are similar at a control rate of 70 beats/min and at a rate of 115 beats/min, but beyond this the left atrial pressure rises sharply while left ventricular end-diastolic pressure falls. At the rate of 155 beats/min, when left ventricular end-diastolic pressure has fallen to zero, the left atrial pressure has risen to its highest value of 14 mm Hg from a control value of 8 mm Hg. This rise in left atrial pressure was due to contraction of the atrium while the atrioventricular valve was closed, thus raising mean atrial pressure. A tracing from this patient showed a superimposition of the A and V waves at the higher rates, as reported by Leighton and associates.12 A similar situation undoubtedly obtains for the right atrium and right ventricular end-diastolic pressure at higher pacing rates.
